Abstract Photofrin photodynamic therapy (PDT) caused a dose-dependent decrease of enzymatic cell detachment by trypsin/ethylenediamine tetra-acetic acid (EDTA) in human glioma U251n and U87 cells. This happened coincidently with the increase of intracellular free calcium ([Ca 2+ ] i ). Thapsigargin, which increased [Ca 2+ ] i , induced further decrease in enzymatic cell detachment and increased cytotoxicity. Opposite effects were observed when 1,2-bis(2-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic acid tetrakis, an intracellular Ca 2+ chelator, was used. PDT-induced changes in [Ca 2+ ] i and cell detachment were not blocked by calcium channel antagonists nickel (Ni 2+ ) or nimodipine, nor were they altered when cells were irradiated in a buffer free from Ca 2+ and magnesium (Mg 2+ ), suggesting that [Ca 2+ ] i is derived from the internal calcium stores. Decreased cell migration was observed after PDT, as assessed by chemotactic and wound-healing assays. Our findings indicated that internal calcium store-derived [Ca 2+ ] i plays an important role in PDT-induced enzymatic cell detachment decrease and cytotoxicity. Cell migration may be affected by these changes.
Introduction
Photodynamic therapy (PDT) is a promising anticancer treatment based on the destruction of photosensitizer-containing tumor cells induced by light. The mechanisms of PDTinduced tumor toxicity involve oxygen free radical or nitric oxide production, disturbance of intracellular free calcium [Ca 2+ ] i homeostasis, induction of apoptosis and activation of phospholipase [1] [2] [3] [4] . After PDT, cultured cells exhibit increased attachment to the cell culture plastic substratum, and a longer digestion time is needed to detach these cells by trypsin/ethylenediamine tetra acetic acid (EDTA). The decreased cell detachment after PDT occurs when a variety of photosensitizers is used, including photofrin, aminolevulinic acid (ALA), hematoporphyrin derivatives (HPDs), benzoporphyrin derivative monoacid ring A (BPD-MA) and meta-tetra-hydroxyphenyl chlorine (mTHPC) [5] [6] [7] [8] [9] . This change in detachment may be important for cancer therapy, since cell adhesion and detachment play important roles in the remodeling of extracellular matrix, tumor invasion and formation of remote cancer metastases [10, 11] .
Cell adhesion provides a tight connection between cultured cells and the extracellular matrix (ECM). Over 50 proteins have been reported to be associated with focal contacts and are related to ECM adhesion. Among these, the integrin family contains the major transmembrane ECM receptors linking the extracellular matrix to the actin cytoskeleton [12] [13] [14] [15] . Enzymatic cell detachment with trypsin/EDTA is a routine cell culture procedure in which trypsin is used to destroy adhesion molecules, such as integrins, between cell-to-cell and cell-to-ECM connections. EDTA is used to chelate Ca 2+ , which is needed for calcium-dependent cell adhesion molecules (CAMs). Although PDT has been found to decrease cell detachment, little is known about how this happens. It has been reported that actin and microtubular cytoskeletal changes are related to decreased detachment in ALA-induced protoporphyrin IX-PDT, even with a sub-lethal ALA-PDT dose [6] . However, the linkage between PDT and the actin cytoskeleton remains unclear.
In this study we investigated if [Ca 2+ ] i was associated with PDT-induced enzymatic detachment change and cytotoxicity in human glioma cell lines U251n and U87, which differ in migration and proliferation. We also wanted to determine if increased [Ca 2+ ] i is derived from calcium influx or is released from the internal stores, and to examine whether cell migration is affected in these events after PDT.
Materials and methods

Chemicals and reagents
Photofrin (porfimer sodium) was manufactured by Lederle Parenterals, Inc. (Carolina, PR, USA) and was freshly prepared before experiments. Nickel chloride (NiCl 2 ), nimodipine, thapsigargin (TG), 1,2-bis(2-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM), digitonin, ethylene glycol bis(β-aminoethyl ether)-N,N,N′,N′-tetra-acetic acid (EGTA), sulforhodamine B and dimethylsulfoxide (DMSO) were obtained from Sigma (St. Louis, MO, USA). Fura-2 acetoxymethyl (AM) ester (Fura-2/AM) was purchased from Molecular Probes (Eugene, OR, USA).
Cell culture and laser exposure
U251n and U87 glioma cell lines were originally obtained from the American Type Culture Collection (ATCC). Cells were cultured and maintained at 37°C with 5% carbon dioxide (CO 2 ) in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS), 4 mM glutamine, 100 IU/ml penicillin, 100 μg/ml streptomycin, and 1% nonessential amino acid (Invitrogen).
U251n and U87 cells (5×10 5 cells per well) were plated in six-well plates (Costar, Corning, NY, USA) and treated with photofrin overnight. Before laser exposure, the cell culture medium was replaced with 3 ml Locke's buffer [154 mM sodium chloride (NaCl), 5.6 mM potassium chloride (KCl), 3.6 mM sodium bicarbonate (NaHCO 3 ), 5.6 mM glucose, 5 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), 1 mM magnesium chloride (MgCl 2 ), and 2.2 mM calcium chloride (CaCl 2 ), pH 7.2] [16, 17] . The cells were then exposed to laser using a semiconductor diode laser system (University Health Network, Toronto, Canada). This system provided light (632 nm) of 6 mW/cm 2 irradiance at the position of the cells. For cytotoxicity detection, supernatants were changed with phenol red-free and serum-free DMEM after laser exposure. Two millimoles per liter of Ni 2+ , 10 µM of nimodipine or 100 µM of BAPTA-AM was added to the medium 1 h before laser irradiation.
PDT-induced cytotoxicity
Sulforhodamine B (SRB) assay was used to determine PDT-induced cytotoxicity [18] . Twenty four hours and 48 h after PDT, the cells were fixed with ice-cold 10% trichloroacetic acid for 1 h at 4°C and then rinsed with water to remove trichloro-acetic acid. Two milliliters of 0.4% SRB dissolved in 1% acetic acid was added to each well and left for 30 min. SRB was removed, and the cells were washed in 1% acetic acid and allowed to dry in the air. Four milliliters of 10 mM hydroxymethyl aminomethane (Tris) was added to each well to solubilize the cell-bound dye, and the absorbance was measured at 540 nm. The results were expressed as a percentage of control cells.
PDT-induced cytotoxicity was also assessed by release of lactate dehydrogenase (LDH) from damaged cells into the medium, using a cytotoxicity detection kit (Roche Applied Science, Indianapolis, IN, USA), according to the manufacturer's instructions, with minor modifications. Twenty-four hours after PDT, the supernatants were collected and centrifuged at 10,000 r.p.m. for 5 min to remove floating cells and cell debris. After sedimentation, 100 µl of supernatant from the samples was transferred to a 96-well, flat-bottomed plate (Costar, Cambridge, MA, USA), to which 100 µl of substrate mix in assay buffer was then added. The plates were kept protected from light for up to 30 min at room temperature. The absorbance was monitored at 492 nm with the reference wavelength 620 nm in a plate reader (Multiskan MCC/340, Labsystems, Finland). The percentage of cytotoxicity produced by PDT was calculated relative to absorbance values for blank medium controls and values resulting from total lysis of cells by Triton X-100 (100% cell kill), according to the following formula:
Cell detachment assay
To keep our experimental conditions consistent, we performed all laser treatment and enzymatic detachment in Costar six-well plates, although there were no differences when other brand products with different surface chemistry were used [6] . U251n and U87 cells were plated at 5×10 5 cells per well. Cells were almost confluent the next day. After being loaded with photofrin (1-16 µg/ml) overnight, all culture media were replaced with Locke's buffer, and the samples were exposed to laser light. After laser exposure, the buffer in the wells was removed. Cells were washed with Ca 2+ -free Mg 2+ -free phosphate-buffered saline (PBS) solution, and 0.05% trypsin/EDTA (Invitrogen, Carlsbad, CA, USA) was added to each well. The plates were shaken slowly until cells were detached. Two milliliters of FBScontaining medium was then added into each well to stop the proteolytic action of trypsin. The number of detached cells was counted with a hemacytometer (American Optical, Buffalo, NY, USA). The duration of trypsinization was determined visually in each experiment until the cells in any well of the plate were firstly detached. In order to reduce variations between the experiments, we quantified the effect of photosensitization as the ratio N/N0, where N and N0 were the numbers of detached cells in the photosensitized and control samples, respectively. For the experiments with BAPTA-AM treatment, the results were expressed as the ratio to control samples in the BAPTA-AM group (Nb).
Determination of intracellular free calcium using fura-2/AM assay The cytoplasmic [Ca 2+ ] i was measured as described by others, with some minor modifications [19, 20] . Briefly, the cells were loaded with 2 µM (final concentration) of fura-2/ AM and incubated at 37°C for 30 min. Cell culture supernatants were then replaced with Locke's buffer. After laser treatment, the cells were detached with 0.05% trypsin and resuspended in 1 ml Locke's buffer. The ). The determination of fluorescence ratio (R) was performed with a fluorometer at two excitation wavelengths, 335 nm and 380 nm, with emissions measured at 515 nm. The maximal (R max ) and minimal (R min ) ratios were determined with 50 µM digitonin (Sigma) and 10 mM EGTA (Sigma), respectively. We determined the cell-specific dissociation constant (K d ) experimentally, using the standards of the calcium calibration buffer kit with magnesium (Molecular Probes).
Cell migration assay
We used a Chemicon QCM™ 96-well migration assay kit to study cell chemotactic migration. After being exposed to laser, the cells were detached by trypsin/EDTA. The trypsin reaction was stopped by the addition of FBS containing medium, and the cells were then re-suspended with serumfree medium. Fifty thousand cells were seeded in the upper chamber of the plate. DMEM with 10% FBS was added to the lower chamber as a chemoattractant. After 6 h of incubation, the cells migrated through the 8-µm pore size membrane, were detached, and were treated with lysis buffer/dye solution supplied with the kit. Aliquots of mixtures were read with a fluorescence reader with a 485/ 525 nm filter set. When seeding cells to the upper chamber of the plate, we prepared the same amounts of cells (5×10 4 ) and added them directly to the lysis buffer. The fluorescence values from these cells were used as total cell control. Cell migration was expressed as the percentage of fluorescence from the migrated cell to total cell fluorescence (F migrated cells /F total cells × 100). The experiments were repeated three times with at least four duplicates of each treatment.
We also measured cell motility, using an in vitro woundhealing assay. Cells were seeded on six-well tissue culture plates and grown to confluence. After the cells had been exposed to laser, we created wounds by scraping monolayer cells with a 1 ml sterile pipette tip. The wounded monolayers were washed twice with serum-free media to remove cell debris. Monolayers were incubated in cell culture medium, and the width of the wound was checked through a microscope.
Statistical analysis
Data were presented as mean ± standard deviation (SD) of separate experiments. Each experiment was repeated at least three times. Statistical significance was compared by one-way analysis of variance (ANOVA). P values less than or equal to 0.05 between the two treatments were considered to be statistically significant.
Results
Cytotoxicity and decrease of cell detachment induced by PDT PDT-induced cytotoxicity was detected by SRB and LDH release assays. Twenty-four hours after PDT, survival of U251n and U87 cells had decreased in a dose-dependent manner with increasing photofrin concentration. Cells treated with higher radiant exposure (i.e., 360 mJ/cm 2 ) exhibited more cytotoxic effects than cells treated at 180 mJ/cm 2 . Laser-treated cells became round and enlarged 24 h after PDT. Fewer than 5% of cells were damaged by a photofrin dose of 4 μg/ml. U87 cells showed approximately 10% higher cytotoxicity than U251n cells (Fig. 1a) . Similar results were observed with LDH release assay. No further cytotoxic effects were observed 48 h after PDT as determined by LDH release assay. Those results indicated the acute cytotoxic effects of PDT on glioma cells (Fig. 1b) .
U251n and U87 cells exhibited decreased cell detachment after laser irradiation, even at the sub-lethal photofrin dose of 4 μg/ml. The decreased cell detachment occurred within 5 min after laser irradiation and slowly recovered. One hour after PDT, decreased cell detachment had disappeared in the cells treated with 1 μg/ml and 2 μg/ml photofrin. Six hours after PDT, cell detachment only persisted in the group of U251n cells treated with 16 μg/ml photofrin (Fig. 2) (Fig. 5a) . Additionally, nimodipine and Ni 2+ did not block changes in cell detachment tested at 8 ug/ml and 16 ug/ml photofrin (Fig. 5b) containing Locke's buffer (Fig. 5 ).
PDT at sub-lethal dose decreases glioma cell migration
To determine if decreased cell detachment was combined with cell migration change, we performed a cell chemotac- [Ca2+] i was measured 5 min, 3 h and 6 h after laser exposure with different doses of photofrin by fura-2/AM fluorescence assay. **P<0.01 compared with cells not exposed to laser in the group treated with the same photofrin dose tic migration assay and a wound healing assay. In the chemotactic assay, cells were detached by trypsin/EDTA and loaded to the upper chamber of a chemotactic plate after laser treatment. The number of migrated cells decreased after 4 μg/ml and 8 μg/ml photofrin treatment (P<0.01) (Fig. 6a) . In the wound healing assay, a wider wound was observed after photofrin dosages of 4 μg/ml and 8 μg/ml. The widths of the wounds were no different after photofrin dosages of 1 μg/ml and 2 μg/ml than were those of the control (i.e., no laser treatment) (P<0.01) (Fig. 6b) . As the migration of U251n cells was observed to be faster than that of the U87 cells in this assay, the end point was different when the wound width was measured. The migration time was 16 h for the U251n cells and 24 h for the U87 cells.
Discussion
Although U251n cells normally exhibit a higher growth rate than U87 cells, the results showed that U87 cells were a little more sensitive than U251n cells to photofrin PDT. As 180 mJ/cm 2 laser treatment caused less than 5% cell death in both U251n and U87 cells at a dose of 4 µg/ml photofrin, we considered that 4 µg/ml photofrin was a sub-lethal dose with the laser fluence used. After photofrin PDT, the cells showed a decrease in enzymatic detachment within 5 min after laser irradiation, even after a sub-lethal dose of photofrin. Such a rapid change is substantially shorter than the time required for gene expression or protein synthesis. Thus, photofrin likely changes the structure of molecules related to cell adhesion, and these structural changes may cause resistance of cells to enzymatic detachment or block enzyme access to focal complexes.
PDT-induced [Ca 2+ ] i increase has been well studied [27] [28] [29] [30] ] i may lead to irreversible apoptosis or cell toxicity when exceeding certain levels [31] [32] [33] [34] .
Generally, it was thought that increased [Ca 2+ ] i after PDT was a result of Ca 2+ influx [35, 36] . However, ALAprotoporphyrin IX, which remained in mitochondria and remote from the cell surface where adhesion occurs, also inhibited enzymatic detachment [37] . This observation indicates that increased [Ca 2+ ] i may come from sources changes affect the ability of cells to migrate. Evaluated by cell chemotactic migration and wound healing assays, decreased cell migration was observed at photofrin doses of 4 µg/ml or higher. Although decreased cell migration at a dose of 8 µg/ml photofrin may be explained by cell damage from PDT, a dose of 4 µg/ml photofrin, which is a sub-lethal dose, also significantly decreased cell migration, indicating that [Ca 2+ ] i or cell detachment changes may be involved in migration regulation to some extent.
In conclusion, an increase in [Ca 2+ ] i is an important molecular event in photofrin PDT-induced inhibition of cell detachment and cytotoxicity. The increased [Ca 2+ ] i may be caused by Ca 2+ released from internal stores. PDT-induced cell detachment changes may affect cell migration and facilitate tumor therapy. However, the mechanisms underlying the effects of activated photosensitizer on [Ca 2+ ] i release, Ca 2+ on cell adhesion structure, and related signal transduction processes after photofrin PDT, warrant further investigation. Cells Migrating towards 10% FBS were detected 6 h after PDT by fluorescence assay. Data are expressed as percentage of F migrated cells to F total cells , as described in the Methods section. b Cell migration detected by wound healing assay after PDT. Five minutes after laser exposure, a wound was made as described in the Methods section. The width of the wound was measured 16 h later for U251n cells and 24 h later for U87 cells. **P<0.01 compared with cells not exposed to laser in the group treated with the same dose of photofrin
